Background. The improvement of insulin sensitivity by exercise has been shown to be inhibited by supplementation of vitamins acting as antioxidants. Objective. To examine effects of exercise with or without blueberries, containing natural antioxidants, on cardio-metabolic risk factors. Methods. Fifteen healthy men and 17 women, 27.6 ± 6.5 years old, were recruited, and 26 completed a randomized cross-over trial with 4 weeks of exercise by running/jogging 5 km five times/week and 4 weeks of minimal physical activity. Participants were also randomized to consume 150 g of blueberries, or not, on exercise days. Laboratory variables were measured before and after a 5 km running-race at maximal speed at the beginning and end of each period, i.e. there were four maximal running-races and eight samplings in total for each participant. Results. Insulin and triglyceride levels were reduced while HDL-cholesterol increased by exercise compared with minimal physical activity. Participants randomized to consume blueberries showed an increase in fasting glucose levels compared with controls, during the exercise period (blueberries: from 5.12 ± 0.49 mmol/l to 5.32 ± 0.29 mmol/l; controls: from 5.24 ± 0.27 mmol/l to 5.17 ± 0.23 mmol/l, P = 0.04 for difference in change). Triglyceride levels fell in the control group (from 1.1 ± 0.49 mmol/l to 0.93 ± 0.31 mmol/l, P = 0.02), while HDL-cholesterol increased in the blueberry group (from 1.51 ± 0.29 mmol/l to 1.64 ± 0.33 mmol/l, P = 0.006). Conclusions. Ingestion of blueberries induced differential effects on cardio-metabolic risk factors, including increased levels of both fasting glucose and HDL-cholesterol. However, since it is possible that indirect effects on food intake were induced, other than consumption of blueberries, further studies are needed to confirm the findings.
Introduction
Common strategies in the primary prevention of cardiovascular disease include recommendations to perform physical exercise several times a week in order to counteract components of the metabolic syndrome and to increase physical fitness (1). Although exercise can lead to improved blood lipid levels, reduced blood pressures, and lower glucose levels, several studies have shown that strenuous long-distance races, such as marathons and triathlons, increase markers of inflammation (2) (3) (4) (5) (6) . It has been proposed that this pro-inflammatory effect was caused by inclusion of subjects that were less physically fit than the actual exercise required, as inflammation seems to occur less frequently following a period of regular exercise (7) , although this has not been specifically investigated in a randomized manner. Interestingly, several earlier trials have shown that highly strenuous exercise, such as running a marathon, can induce release of troponin-T (2, 8, 9) , which is a protein that is used clinically to diagnose myocardial infarction since it is a specific marker for cardiac myocyte damage (10) .
Oxidative stress is implicated in human disease, and in experimental studies antioxidants decrease oxidative damage (11) . Many subjects are using antioxidant supplements, which are often marketed as to improve health and to prevent disease (12) (13) (14) . Whether antioxidant supplements are indeed beneficial or harmful is uncertain, but a meta-analysis of randomized trials suggested that treatment with beta carotene, vitamin A, and vitamin E may increase mortality, while the effect of vitamin C was less clear (15) . Ingestion of berries, with natural antioxidants, have, on the other hand, been demonstrated to improve many cardiovascular risk factors (16) . However, antioxidants in the form of pills containing vitamin C and E specifically inhibited the increased insulin sensitivity following 4 weeks of exercise, and this effect was present in moderately as well as in highly fit participants (17) .
We know of no study specifically designed to compare the effects of running a distance common in recreational exercise on components of the metabolic syndrome, in which the effects of natural antioxidants and vitamins in blueberries were analyzed. The aim of this randomized cross-over trial was to compare the effects of a 4-week exercise protocol with or without blueberries to inactivity on markers of cardio-metabolic disease in healthy subjects. The participants were randomized to starting with the exercise period or with the period of minimal physical activity, and also to consuming 150 g of blueberries on the day they exercised, or to keeping eating habits unchanged.
Material and methods
By local advertising at Linköping University we recruited 32 participants as volunteers for the study. The participants had to be free from major disease as judged by medical check-up and history, and they had to have some earlier experience of exercise in the form of running. The trial consisted of two main periods: 4 weeks of running (or jogging), and 4 weeks during which the participant should strive for minimal levels of physical activity, without any exercise whatsoever. The study period was from beginning of September 2010 to the end of December 2010, and the study organizers aimed for one month of return to individual regular exercise habits (wash-out) in between the running and minimal-physical-activity periods. However, if anything arose that affected the participants' ability to exercise or the evaluation in these two main periods, such as musculoskeletal problems or upper respiratory infections, the priority was set to achieve evaluation of the two main periods, and hence it was possible to prolong either period by up to a week, and thus the wash-out period could be shortened correspondingly. Participants were randomized to start with either the exercise period or with the 4 weeks of minimal physical activity. At the beginning and end of each trial period the participants ran 5 km at the fastest possible time in the evening (at 6 p.m.), here denoted 'running-race'. Venous blood was drawn for analysis of cardiometabolic risk markers after an overnight fast (10 hours between 6 p.m. and 9 a.m.) on the morning of the day of the evening run, and the corresponding morning after, except for troponin-T which was analyzed only from samples after the races. Figure 1 shows a schematic presentation of the study design for a participant randomized to start with the exercise period when reading the figure from left to right. Each participant who completed the whole trial thus ran a total of 4 running-races at maximal speed, and venous blood was correspondingly drawn 8 times in the fasting state; thus he or she had one period of exercise, a washout period, and also a period of minimal physical activity in this cross-over trial.
The participants were instructed to exercise in the form of running or jogging 5 km five times a week during the exercise period. The randomized design to test effects of antioxidants on the presumed insulinsensitizing effect of exercise was based on a study by Ristow et al. in which it was found that vitamin C and E in combination hinders benefits on insulin sensitivity of regular exercise in humans (17) . However, in our study the participants were randomized to consume 150 g of frozen blueberries (berries that have a high natural content of several antioxidants (18) (19) (20) ) on each day of running, or to keep eating habits unchanged, during the training period. No particular instructions were given on how or when to consume the blueberries on the exercise days, in order to make potential findings easily incorporated in regular eating habits. The blueberries had a content of 40 kCal/100 g and also had 0.5 g protein, 8 g carbohydrates, and 0.5 g fat per 100 g of the product. All blueberries were bought on the same occasion from a regular local grocery store, in order to assure that there were no changes in nutrient composition during the study period.
The participants were subjected to determination of body fat content with BodPod (Life Measurement, Inc., Concord, CA, USA) at the end of both main periods. At these time points resting blood pressures were measured in the seated position with manual technique.
All analyses of laboratory variables including high-sensitivity C-reactive protein (hs-CRP) were done at the Department of Clinical Chemistry, Linköping University Hospital as part of their regular clinical routine analyses. Troponin-T was analyzed with an electrochemical luminescence method (Troponin-T STAT Cardiac T, Cobas E411 equipment, Roche, Basel, Switzerland). Serum-insulin was determined by an immunoassay (AutoDelfia, Perkin Elmer, Linköping, Sweden). Total-cholesterol, HDL-cholesterol, and triglycerides were determined by colorimetric analyses (Siemens, Liederbach, Germany), and LDL-cholesterol was calculated according to Friedewald (total-cholesterol -HDL-cholesterol -0.456 Â total triglyceride concentration). The methods for analyses of the other routine samples have been published (21, 22) .
Ethics
The study was approved by the Regional Ethics Committee of Linköping and performed in accordance with the Declaration of Helsinki. Written informed consent was obtained from all participating subjects. The study was registered at ClinicalTrials.gov (NCT01274078).
Statistics
Statistical estimates were calculated using SPSS 19.0 software (IBM Corporation, Somers, New York, USA). Comparisons within and between groups were done with Student's paired and unpaired 2-tailed t test or as stated in the results section. Mean values and standard deviations are given. Statistical significance refers to 2-sided P £ 0.05. Since the lower limit of detection of troponin-T was 5 ng/l, the results were set at 2.5 ng/l in calculations of non-detectable levels.
Correspondingly, serum hs-CRP that was undetectable was set as 0.15 mg/l (limit of detection =0.3 mg/l) in calculations.
The sample size was based on the trial by Ristow et al. in which 20 untrained subjects performed regular exercise for 4 weeks and were randomized to consume antioxidants or not (17) . The sample size in our study was increased 60% to allow for dropouts during the longer total study period of three months. Analyses were performed per protocol.
Results
We recruited 32 subjects with a mean age of 27.6 ± 6.5 years (15 men and 17 women, age range 21-48 years) for the trial. Six subjects could not complete the whole trial (two because of upper airway infections and four because they found the trial to be too time-consuming). Three subjects were unable to run all the laps during the complete exercise period due to musculoskeletal problems and performed strenuous bicycling on training bikes instead. Thirteen subjects did the last runningrace indoors (n = 5) or on a treadmill (n = 8), due to cold weather and snow which made the race-track difficult to run at a high speed in a secure way.
The participants who started with the exercise period shortened the times to finish the race from 1772 ± 371 s to 1621 ± 288 s (P = 0.002), and those who began with minimal physical activity required 1681 ± 341 s to finish the race after the four weeks of little physical activity compared with 1611 ± 348 s at the beginning of the study (P = 0.032). The racetimes were not statistically different at baseline between the groups (P = 0.21). Since the particular track that was used for the maximal runningraces became difficult to run on at high speed due Figure 1 . Study design description. The figure shows the design for a participant who started with the exercise period (when read from left to right). The subjects were randomized to whether they started with exercise or with the period of little physical activity. During the exercise period participants were randomized to consume blueberries on exercise days, or to be asked not to make any changes in regular eating habits.
Blood sampling was performed in the fasting state in the morning; running-races at maximal speed were performed in the evening at 6 p.m.
to large amounts of snow and slippery conditions, the corresponding race-times achieved at the end of the study period (late autumn 2010) were not used in these particular analyses of race-times.
Results in the mixed population
As seen in Table I , exercise compared with a minimal physical activity induced lower insulin and triglyceride levels, and higher HDL cholesterol levels, when data from all participants, with or without blueberry supplementation, were analyzed as one group. Levels of creatine kinase (CK) almost doubled on average after the running-races (levels before race 2.45 ± 3.2 mkat/l; levels after race 4.44 ± 4.7 mkat/l, P < 0.0001, n = 112). The levels of CK were elevated similarly after the running-race when levels at the end of the exercise period were compared with those after minimal physical activity, while body mass but not fat mass was lower at the end of the period with low physical activity (Table I) . Serum troponin-T was found to be present at a detectable level after 51 out of the total 112 runningraces (45.5%) in the study, 7 of which (6.2%) were above the reference limit of 14 ng/l. Among participants who ran at least two running-races 75% showed detectable troponin-T levels in plasma after at least one race. There was no detectable change in postrace troponin-T when the individual levels after the races at the end of the exercise period and after that of minimal physical activity were compared in the mixed population. When analyzed according to gender, however, a reduction in post-race troponin-T after exercise was found in women (Table I) .
The levels of hs-CRP increased after the runningraces in general (data from all races accumulated, hs-CRP before race 0.49 ± 0.7 mg/l; after 0.58 ± 0.7 mg/l, P = 0.017, after exclusion of two subjects with hs-CRP > 5 mg/l, considered to be outliers, n = 108). Levels of hs-CRP tended to be lower after the race when results after the exercise period were compared with those at the end of the minimal physical activity period (Table I) .
Acute effects of the running-races on metabolic markers
The design of the study allowed us to analyze effects of a single running-race on levels of cardiometabolic risk markers. When fasting levels on the morning of the running-race were compared with the corresponding levels the morning after the runningrace, glucose levels were found to be lowered by the races (data from all running-races accumulated, levels before 5.28 ± 0.44 mmol/l; after 5.11 ± 0.39 mmol/l, P < 0.0001), while corresponding insulin levels did not change statistically significantly (levels before 56 ± 23 pmol/l; after 53 ± 25 pmol/l, P = 0.13). Analyzed in the same manner, triglyceride levels also decreased the morning after a running-race (levels before 0.99 ± 0.52 mmol/l; after 0.88 ± 0.45 mmol/l, P = 0.008), while levels of HDL-cholesterol or LDL-cholesterol did not change significantly (not shown).
Effects of blueberries during the exercise period Table II shows changes in fasting levels of markers of insulin sensitivity and lipids (mean values of the levels before and after the race) in the groups randomized to consume blueberries or to keep eating habits unchanged. Interestingly, fasting glucose levels tended to increase despite exercise in the blueberry group, and the difference in changes between the two groups was statistically significant (P = 0.044). Correspondingly, triglyceride levels decreased only in the control group. These changes were in contrast to effects on HDL-and LDL-cholesterol which improved in the blueberry-group, although these changes only bordered on statistical significance between groups. Effects of blueberries on the corresponding levels of apolipoprotein concentrations showed similar tendencies as on cholesterol levels (Table II) . Ingestion of blueberries had no discernible effect on levels of hs-CRP (Table II) . However, there was a diminution of troponin-T levels after the races at the end of the exercise period compared with baseline levels of the same period within the group randomized to blueberries (Table II) .
Discussion
As expected, based on the study by Ristow et al. (17) , the participants in our study improved cardio-metabolic risk markers by exercise, HDL-cholesterol increased, and triglyceride levels fell after exercise, when compared with a period when participants were asked to perform minimal physical activity. Fasting insulin levels also differed when comparing changes between these two main periods, suggesting that there indeed was a favorable effect of the exercise and/or an unfavorable effect of a sedentary life-style. A bit more concerning was that in participants who ran at least two races 75% displayed detectable troponin-T levels after at least one race. However, in women there was a diminution of the troponin-T levels when participants were relatively fit, at the end of the exercise period, as compared with less pronounced fitness at the end of the period with minimal exercise. It has earlier been reported that also a short bout of spinning exercise can induce detectable troponin-T in serum in healthy individuals (23), which Table I . Anthropometrics, laboratory variables, and body fat content during the trial in the mixed population, i.e. without separate analysis depending on whether blueberries were consumed or not, n = 26. All laboratory variables, except S-CK and hs-CRP, were the mean of the analyses before and after the 5 km race that was performed at the beginning and at the end of both trial periods, i.e. the period of exercise or the period of minimal physical activity. There were no differences between the groups at baseline, i.e. baseline of exercise compared with baseline of exercise periods. P values correspond to Student's paired 2-tailed t test. The delta value is the level of a measurement at the end of the period minus the corresponding level at baseline for the same period. suggests that it might be quite normal to detect troponin-T in serum after a relatively short period of exercise in people who are generally healthy. But we know of no earlier study that specifically was designed to study effects of increased physical fitness. More bothersome, detectable troponin-T levels, when measured in subjects without specific symptoms of ischemia, have been shown to be related to increased incidence of mortality (10), thus suggesting that a detectable troponin-T is useful marker of cardiovascular risk. It has been suggested that it is the strain per se, and the ensuing increase in oxidation, that induces the increase in insulin sensitivity following exercise, as recently tested by Ristow et al. (17) , although more recent studies in rats have not confirmed this (24) . Our trial design was based on the study by Ristow et al., but we aimed to investigate the effects of blueberries rather than supplementation of vitamin C and E in combination. Blueberries contain antioxidants such as resveratrol and vitamins (18) (19) (20) and are naturally growing berries in Europe in late summer and autumn. Interestingly we extended the findings in the study by Ristow et al. and found that also blueberries seem to affect unfavorably the insulinsensitizing effects of exercise as shown by the difference in delta-values of fasting glucose in the two groups. However, we are not able to pinpoint what particular component in the berries that affected fasting glucose levels, and we are also not able to discern whether these effects were indirect, i.e. that other changes in food intake or behavior were induced by the intake of blueberries per se, as no data on dietary changes were available. The reason for the lack of such data from dietary records was that we did not anticipate that it would give useful reproducible information. Although food records might seem to give exact and detailed information, we have earlier reported that caloric intake based on food records does not match basal metabolic rate even when physical activity was similar in lean and obese subjects (25) , and Lof et al. have confirmed bias of caloric intake from food records with regard to BMI (26) . Finally, the need to weigh and make notes of all food consumed for several days could also by itself affect dietary habits as suggested by under-reporting of vegetable and fruit intake by food records (27) . Data from 24-h recalls of food intake would also not have been sufficient in this study, in which blueberries were not consumed on every day. Insulin levels, known to have large intraindividual variation, showed no statistically significant changes in relation to blueberry intake, but there was a trend towards lowered levels by blueberries. Triglycerides, which are related to many components of the metabolic syndrome, decreased only in the control group. In contrast, levels of LDL-cholesterol decreased and HDL-cholesterol increased in participants who had been randomized to blueberries. Indeed, as pointed out earlier, an increase in HDL cholesterol by intake of berries has previously been shown by Erlund et al. (16) . Interestingly, we found that ingestion of blueberries was linked with lower troponin-T levels after exercise when levels after the races at baseline of the exercise period were compared with those at the end of the same study period. This would be in accordance with cardio-protective effects of blueberries. However, due to the small number of subjects of each gender, these data should be interpreted with some caution, also since the difference in changes between the groups (blueberries versus controls) regarding troponin-T was not statistically significant. It is also important to point out that, in a recent study of 12 weeks of exercise and the same dose of vitamin E but lower vitamin C dose (500 mg instead of 1000 mg/day), the inhibition of improved insulin sensitivity reported earlier by Ristow et al. (17) was not confirmed (28) . This suggests that the specific doses of vitamins and/or the duration of the exercise are of importance for affecting the insulin-sensitizing consequences of exercise in humans.
The particular trial design, incorporating a total of four running-races in which fasting blood samples were drawn before and after each such race, allowed for a study of the effects of exercise in the evening on fasting levels of insulin and glucose the following morning with high statistical power. When all 112 running-races from the participants were pooled together (irrespective of the period of the study they were taken) it became apparent that fasting glucose is reduced 12 hours after a running-race in healthy subjects, while the insulin levels were unaffected. This finding is in line with known effects of muscular activity to increase levels of adenosine monophosphate (AMP) which is formed from adenosine diphosphate that follows from hydrolysis of adenosine triphosphate. AMP can induce insulin-independent glucose uptake in fat and muscle cells through activation of AMP-kinase (29) , and that this indeed was the explanation of our findings was in line with the fact that insulin levels tended to be lower the day after the running-races. Hence, when screening for diabetes, the sensitivity to detect the disease is probably diminished if sampling is performed in the fasting state the day after strenuous physical exercise. It is of importance for the interpretation of the data reported in this paper to keep these semi-acute effects (after 12 hours) of exercise in mind, since most analyses were based on average values before and after the race at maximal speed.
The increase in inflammation following the maximal races in our study tended to be reduced by the end of the exercise period. This inflammatory activity, that was measured as hs-CRP, could emanate from several bodily tissues and is thus unspecific. We would assume that at least some part was derived from large muscle groups such as leg muscles, and thus it seems reasonable that the levels tended to be reduced when physical fitness was achieved at the end of the exercise period when the running technique probably improved in participants, leading to a shortening of the time required to finish the race. These findings are in line with an earlier observation in subjects training in preparation for a marathon run (7) .
A limitation of our study was that we did not have control of the period of minimal physical activity. But, despite the need to rely on compliance with this presumed period of sedentary life-style, we did indeed find changes in race-times at the beginning of the study, and also changes in markers of the metabolic syndrome, such as HDL-cholesterol and insulin levels, when comparing exercise with the presumed sedentary life-style, which was indicative of compliance with the protocol. We also acknowledge the limitation that not all participants were able to follow the running protocol, either due to side-effects of the exercise or due to the cold weather at the end of the trial period. However, these are common culprits in recreational running in a country such as Sweden, and the sample size of the study had been adjusted to allow for several such non-completers. The choice for each participant to consume the blueberries in any way preferred is a limitation from a strict scientific viewpoint. The reason for this design, however, was to make the findings potentially applicable to ordinary life and to differing habits. It is important to note that the design of our study did permit analysis of long-term effects of exercise in combination with blueberries. Indeed, in contrast to lack of positive effects in most studies of high doses of vitamins with presumed antioxidant effects (15), several observations support beneficial health effects of blueberries in humans. These potential effects include reduction of neuronal and cardiovascular diseases (30, 31) . Blueberry extract has also been shown to possess direct antioxidant effects that can be detected in human serum (32) . We acknowledge that the small number of participants that completed the study of the potential effects of blueberries on cardiometabolic risk factors, 13 in each group, is a limitation of the trial.
In conclusion, we found beneficial effects of blueberries on HDL-and LDL-cholesterol levels, and also that the troponin-T release after exercise was blunted in subjects who had been randomized to blueberry ingestion. These findings point to the complexity when analyzing effects in humans of a naturally occurring supplement containing several antioxidants and vitamins and were in contrast to unfavorable effects of blueberry ingestion on fasting levels of glucose, as was part of the main hypothesis tested in the study. It is important to note that we cannot discern whether the effects of ingestion of blueberries were direct, or indirect, due to other concomitant dietary changes, and thus we call for further studies on the subject. Table II . Change in fasting levels of laboratory variables in the groups when comparing the 4 week exercise period with (n = 13), or without (n = 13), intake of blueberries. Delta values denote difference from baseline to the end of the period. Chol = cholesterol; FS = fasting serum; hs-CRP = high-sensitivity C-reactive protein; S = serum.
